Plasmid DNA used for nonviral therapeutic gene transfer After extensive washing of the column, purified plasmid or nucleic acid vaccination has to be highly purified, devoid DNA is eluted using an alkaline buffer. The binding conof contaminating components such as bacterial proteins, ditions of the plasmid DNA on to the column have been endotoxins, or bacterial chromosomal DNA. We have optimized, as well as the hybridization sequence and the developed a new affinity chromatography technique for linker group between the matrix and the third strand oligoplasmid DNA purification: triple-helix affinity chromatonucleotide. The THAC technique makes it possible to purify graphy (THAC). This technique is based on the sequencein one step supercoiled plasmid DNA, and to significantly specific interaction of an oligonucleotide forming a triplereduce the level of contaminating RNA, endotoxins and helix with plasmid DNA. The oligonucleotide was covalently chromosomal DNA. In particular, a 100-fold reduction of linked to a chromatographic matrix, thus providing a rechromosomal DNA contamination over that obtained with usable affinity support. By inserting a suitable homopurine conventional techniques can be achieved through a single sequence in the plasmid DNA, it is possible to obtain a additional THAC step. Further improvements of THAC triple-helix interaction that will only be stable at mild acidic technology are possible, and we anticipate that this techpH and that will dissociate in alkaline conditions. A crude nique can be scaled up for integration into a full commerlysate from a recombinant E. coli, or a pre-purified plasmid cial-scale DNA production process. DNA, is thus applied at acidic pH on to a THAC column.
Introduction
Since the scale-up of these techniques would obviously Human gene transfer is expected to provide major raise complex technical and regulatory concerns, various advances in several therapeutic areas within the next few chromatographic techniques have been developed for plasyears. Although initial gene delivery approaches mainly mid DNA purification, based on gel filtration or ion use recombinant viruses, there is an increasing interest exchange principles. 5 In view of the power and unmatched in nonviral gene delivery: this includes the adminisselectivity of affinity chromatography, which has increasing tration of plasmid DNA complexed with cationic lipids applications in industrial biotechnology processes, we have for the treatment of genetic and acquired diseases, 1 as developed an affinity chromatography method for well as the direct inoculation of 'naked' plasmid DNA sequence-specific purification of plasmid DNA that can be for nucleic acid vaccination. 2 In both cases, plasmid DNA scaled up for integration into a full pilot-scale DNA prois used as a pharmaceutical product and is injected duction process. This method is based on the formation of directly into humans. Thus, large amounts of plasmid a triple-helix between an oligonucleotide covalently linked DNA must be highly purified, in order to be devoid of to a chromatographic matrix and a duplex sequence present bacterial proteins, endotoxins, and bacterial chromoon the plasmid DNA to be purified. The pyrimidine oligonsomal DNA and RNA. In particular, linear E. coli chromoucleotide binds in the major groove of duplex DNA somal DNA has to be reduced to the lowest possible level through the formation of Hoogsteen hydrogen bonds: thyin order to prevent insertional risks, this concern being mine (T) specifically recognizes adenine (A) to form TA-T particularly relevant for prophylactic vaccinal use.
triplexes, and protonated cytosine (C + ) specifically recogConsequently, the production of pharmaceutical-grade nizes guanine (G) to form CG-C + triplexes. 6 Due to the plasmid DNA is becoming an important concern for the requirement for cytosine protonation, these triple-helices development of human clinical trials. 3, 4 are only stable at acidic pH. We have used a chromatoCurrent laboratory-scale techniques use CsCl density graphic matrix, to which the third strand oligonucleotide gradient centrifugation in the presence of ethidium was covalently linked, thus providing an affinity chromatography support that can be reused and scaled up to an industrial level. The triple-helix affinity chromatography (THAC) technique makes it possible to obtain in a single helix immediately dissociates when the pH is raised to 9
Results
(data not shown). As a control, the formation of the triple-helix between 35 S-(CTT) 7 oligonucleotide and Principle of THAC purification pXL2563 was low at pH 9 (less than 4% of that obtained The principle of plasmid DNA purification by THAC at pH 4.5), and the binding of 35 S-(CTT) 7 oligonucleotide results from the formation of a triple-helix between a to pBKS at pH 4.5 was undetectable. poly-CTT oligonucleotide and the corresponding poly-GAA target sequence present on a plasmid (Figure 1 ). The repetitive target sequence was chosen in order to Specificity of THAC The results described above suggested that: (1) the bindprovide multiple hybridization positions of the oligonucleotide on the plasmid. As a consequence of the proing buffer for THAC purification should contain a high NaCl concentration; (2) plasmid DNA binding to the coltonation of the N3 position of the cytidine (pK a = 4.8), CG-C + triplets are only stable at acidic pH. Consequently, umn-linked (CTT) 7 oligonucleotide should be performed for at least 1 h; and (3) dissociation of plasmid DNA from the plasmid pXL2563 containing the polypurine (GAA) 17 sequence was bound at acidic pH on a (CTT) 7 oligothe column-linked (CTT) 7 oligonucleotide should be instantaneously obtained by applying a 1 m Tris-HCl pH nucleotide covalently linked to a Sepharose column (Pharmacia Biotech, Uppsala, Sweden). After washing the 9 buffer. Consequently, the binding step was performed for 2 h in 2 m NaCl, 0.2 m sodium acetate buffer pH 4.5. column, the plasmid was eluted at alkaline pH.
The elution profile of plasmid pXL2563 bound to the (CTT) 7 affinity column is shown in Figure 4 . It can be Optimal conditions for triple-helix formation The extent of triple-helix formation between a 35 S-labeled seen that during the washing step, some unbound plasmid was washed out of the column. Application of the (CTT) 7 oligonucleotide and a plasmid harbouring the corresponding poly-GAA sequence (pXL2563) was studied alkaline buffer resulted in the instantaneous elution of the purified plasmid DNA. In these conditions, 42% of using a gel filtration technique that allows the rapid separation of free oligonucleotide from plasmid-bound olithe plasmid applied to the column was recovered in the alkaline eluate. The yields were 32% and 36% when NaCl gonucleotide by centrifugation on spun columns. 7 Using this technique, we have optimized the composition of the concentrations in pH 4.5 acetate binding buffer were 0.5 m and 1 m, respectively. Binding times of 1 h or more on buffer used for the THAC binding step. It is known that TA-T rich triple-helices are stabilized by a high ionic the affinity column gave similar yields, and significantly lower yields were obtained with shorter incubation times. strength. 8 We therefore used an acidic acetate buffer (pH 4.5) for the protonation of cytosines and studied the effect When the control plasmid pBKS, which does not contain the target poly-GAA sequence, was applied to the same of NaCl concentration on triple-helix formation. As seen in Figure 2 , triple-helix formation was undetectable at the column, all the plasmid was recovered during the washes with the acidic binding buffer, and no detectable plasmid lowest NaCl concentrations used, and binding of 35 S-(CTT) 7 oligonucleotide to pXL2563 increased with NaCl appeared in the elution buffer ( Figure 5 ). A mixture of pBKS (75%) and pXL2563 (25%) was concentration. The kinetics of triple-helix association was followed at pH 4.5, in the presence of 2 m NaCl; the equiapplied to the column, and plasmid DNA which eluted at acidic and alkaline pH was used to transform comlibrium was reached in about 1 h at room temperature ( Figure 3 ). Once the equilibrium is reached, the triplepetent E. coli DH5␣ cells (clones bearing pBKS and Influence of oligonucleotide sequence: We compared how plasmids containing the polypurine sequences (GAA) 17 , (GA) 25 and (GGA) 15 cloned in the same vector bind to the chromatography columns linked to the correpXL2563 will form blue and white colonies on medium sponding oligonucleotide (CTT) 7 , (CT) 11 and (CCT) 7 , supplemented with X-gal, respectively). While DNA respectively. The yield of THAC purification was 49% for eluted during the washing step gave both white and blue the poly-GAA sequence, 31% for the poly-GA sequence colonies, DNA recovered with the alkaline elution buffer and 23% for the poly-GGA sequence. We also observed gave only white colonies. This suggests that a single that with the same poly-CTT sequence a 30-mer oligo-THAC step can result in a large enrichment in target nucleotide gave a lower yield of purification than a 21-plasmid. Taken together, these results show that only the mer oligonucleotide (35% and 43%, respectively). plasmid containing a suitable sequence can bind to the poly-CTT column, thus demonstrating the specificity of Characteristics of THAC-purified plasmid DNA the THAC technique.
The results described above were obtained with plasmids already purified by conventional techniques using comOptimization of the affinity ligand mercially available kits. We then tested if nonpurified plasmids could be purified by THAC. A clear lysate of E. coli cells, which has a pH around 5.5, was directly Influence of the length of linker and spacer bases: We further optimized the THAC procedure using previously applied to the THAC column. The HPLC and electrophoretic analysis of this clear lysate show a large contamidefined standard conditions (2 h binding in 2 m NaCl, pH 4.5 buffer). We tested various modifications of the nation with RNA (Figure 6a and c). Plasmid DNA purified by THAC from a clear lysate supernatant appeared triplex forming oligonucleotide in order to define the best sequence for THAC purification. Oligonucleotides were as one single peak after HPLC analysis ( Figure 6b ). In gel electrophoresis, THAC-purified plasmid DNA appeared covalently coupled to sepharose-N-hydroxysuccinimidyl ester columns via a 5′ terminal amino group. This amino as supercoiled plasmid DNA and no RNA was detectable (Figure 6c ). Protein concentration in this purified sample group is separated from the first 5′ phosphate by a linker which is currently available as a (CH 2 ) 6 or a (CH 2 ) 12 was less than 1.5 g/ml.
The residual contaminating chromosomal DNA in purlinker. We found that a (CH 2 ) 12 linker reproducibly gives higher yields of THAC purification than a (CH 2 ) 6 linker: ified pXL2784 was quantified by PCR. A clear lysate was found to contain between 10 and 30% of E. coli DNA. In yields of 49 and 53% were obtained in two independent experiments with a (CH 2 ) 12 linker, as compared with the plasmid DNA purified by THAC from such a lysate, chromosomal DNA contamination was decreased by two yields of 42 and 43% with a (CH 2 ) 6 linker. We also tried oligonucleotides having, at their 5′ end, 0, 4 or 8 spacer orders of magnitude to a 0.1% level. When a plasmid DNA prepared by hydroxyapatite chromatography was bases (adenine and guanine) that do not form triplexes. Oligonucleotides with 0 or 4 spacer bases gave similar further purified by THAC, a 100-fold reduction of chromosomal DNA contamination was also obtained: the yields of purification, while an oligonucleotide with 8 spacer bases gave a lower yield (data not shown).
hydroxyapatite eluate contained about 1% chromosomal DNA, and after THAC, chromosomal DNA level was be scaled up to the pilot level (in progress). This is not the case for magnetic beads that have been used prereduced to 0.01%. Endotoxin contamination was also decreased by two orders of magnitude, as estimated with viously for DNA purification by triplex affinity capture, 9 ,10 because these beads can only be handled in small a LAL kit.
The transfection efficiency of plasmid pXL2784 encovolumes. Moreover, in the present technique, the third strand oligonucleotide is covalently coupled to the supding the luciferase reporter gene and purified by THAC from a clear lysate was compared with that of the same port, instead of using a noncovalent binding between a biotinylated oligonucleotide and streptavidin. This plasmid purified by conventional techniques, as a reference. The THAC-purified plasmid gave 9.1 × 10 6 ± avoids the risk of leakage of the oligonucleotide during the purification and cleaning in place of the column. 1.2 × 10 6 relative light units (RLU)/g protein (n = 6), and the reference plasmid gave 3.5 × 10 6 ± 0.4 × 10 6 RLU/g We found that a poly-GAA sequence on the plasmid, with the corresponding poly-CTT sequence on the colprotein (n = 6).
umn gave satisfactory results in terms of yield and specificity. We have routinely used a 21-mer oligonucleotide
Discussion
(CTT) 7 , attached to the support via a (CH 2 ) 12 linker and, in our hands, no additional spacer bases were necessary. The present work describes a new chromatographic
Our results are consistent with those of Ji and Smith, 10 method for the purification of plasmid DNA. This who reported that a 20-mer oligonucleotide gives a method is based on the sequence-specific triplex interachigher capture efficiency than a 32-mer oligonucleotide. tion between an oligonucleotide covalently linked to a
The yield of THAC purification was strongly chromatographic matrix and a homopurine-homopyriminfluenced by the sequence of the triplex-forming oligoidine sequence that has been inserted in the plasmid to nucleotide, decreasing when the percentage of cytosines purify. Insertion of this specific sequence in a plasmid in the third strand increased. The lowest yield obtained requires a single cloning step. We have constructed plaswith a poly-CCT third strand can be explained by the fact mids containing different homopurine-homopyrimidine that CG-C + triplets are destabilized by the presence of sequences, in vectors expressing various reporter genes adjacent CG-C + . 11 It is worth noting that the target double or markers of selection, and observed that all these stranded sequence on the plasmid we used was longer plasmids can be purified by THAC.
Our technique uses a chromatographic matrix that can (51 nucleotides) than the triplex-forming oligonucleotide NaCl on the association rate constant of CT rich triplexforming oligonucleotides. 8 The THAC process can be applied either directly on a clear lysate, or on material pre-purified by a classical purification step. Starting from a clear lysate, we obtained around 2 g of plasmid DNA from 1 ml of culture. This is similar to the yield obtained with CsCl density gradient centrifugation, and about two times lower than the yield obtained with standard methods such as Qiagen or Wizard Promega kits. However, centrifugation is not amenable to scale-up, while commercial kits use bovine Rnase and ethanol or isopropanol, and thus could not easily be applied in the industrial purification of plasmid DNA for clinical trials.
The use of THAC purification allowed us to decrease endotoxin and E. coli DNA contaminations by two orders of magnitude in one single step. These results can be attributed to the high specificity of affinity chromatography. Bacterial endotoxins are high molecular weight poly-anionic molecules that tend to co-purify with plasmid DNA in standard methods of purification. Endotoxins are pathogenic for humans 13 and have been shown to affect the efficiency of in vitro and in vivo gene transfer. 14, 15 Linear E. coli chromosomal DNA presents potential insertional risks and should be reduced to the lowest after a first classical chromatographic step, the chromosomal DNA contamination was reduced to 0.01%. This is much lower than the level reported by other authors who (21 nucleotides). Consequently, the oligonucleotide had 11 possible hybridization positions on the plasmid. This have purified plasmid DNA for human clinical trials. 4 By inserting the THAC procedure into a DNA production seems to be important for an optimal purification, since we obtained a lower yield of purification when we used process involving classical purification steps, we are able to obtain plasmid DNA with very low (0.01%) E. coli a plasmid containing a hybridizing sequence of the same length as that of the oligonucleotide bound to the column DNA levels, and with endotoxin levels suitable for intravenous injection. (data not shown). The best yield that we have obtained up to now is around 50%. It appears that, for some
In conclusion, THAC makes it possible to obtain in one step and less than 3 h, highly purified supercoiled plasunknown reason, about half of the plasmid could not bind to the affinity column and consequently was mid DNA. No ethidium bromide, organic solvent or animal-derived enzymes are necessary. Either crude lysate, released during the washing step (Figure 4) . When the plasmid of the wash fraction was re-loaded on to the or plasmid DNA pre-purified by classical means, can be applied to THAC columns. We are now working on the same affinity column, it bound with the same efficiency (around 50%) as the initial plasmid (data not shown).
scaling-up of this technology, by examining aspects related to the use of a chromatographic purification, such This indicates that the observed yield is probably due to intrinsic characteristics of the affinity column. However, as recycling of the column, run-to-run reproducibility, cleaning in place, sanitization, and the presence of leachwe noticed on the electrophoresis analysis (see for example Figures 4 and 6c) that the purified fraction conables. For example, we have already observed that THAC columns can be used for up to ten runs without apparent tains a higher percentage of supercoiled plasmid DNA than the starting material. It is thus conceivable that loss of efficacy (data not shown). The combination of THAC with classical purification methods will hopefully supercoiled plasmid DNA binds to the column-linked oligonucleotide with a higher affinity than relaxed DNA provide a production process of high-quality pharmaceutical-grade plasmid DNA for human clinical trials. and that this fact could contribute to the observed yield. Different chromatographic supports and other hybridization sequences could improve the yield of THAC
Materials and methods

purification.
We have also studied the conditions of pH, ionic strength and binding time for THAC purification. We Materials Unmodified oligonucleotides were synthesized on a have observed that the kinetics of the triple-helix formation are rather slow, with a necessary binding step of at Biosearch 8600 DNA synthesizer with cyanoethyl phosphoramidite chemistry. Oligonucleotides modified at the least 1 h on the column. This slow rate of association of intermolecular triple-helices has already been reported.
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5′-end with an amino group and a (CH 2 ) 6 or (CH 2 ) 12 linker were purchased from Eurogentec (Seraing, We also observed that the ionic strength dramatically affects the formation of the triple-helix and hence the Belgium). The following materials were supplied by the indicated companies: Ready Solv HP (Beckman, Fullerpurification yield. This can be explained by the effect of ton, CA, USA); 35 S dATP␣S (Ͼ1000 Ci/mmol; AmerpXL2726 were constructed by insertion of (GGA) 15 and sham, Les Ulis, France); triethylamine acetate, HPLC (GA) 25 polypurine sequences into the pBKS vector, grade (Applied Biosystem, Foster City, CA, USA); restricrespectively. Plasmid pXL2784 carries a cassette containtion enzymes and T4 DNA ligase (New England Biolabs, ing the enhancer-promoter from the immediate-early Beverly, MA, USA). Other chemicals were purchased gene of cytomegalovirus (CMV), the gene coding for the from Prolabo (Fontenay-sous-bois, France).
luciferase of Photinus pyralis, the polyadenylation sequence of SV40, and the polypurine-polypyrimidine Plasmids sequence (GAA) 17 originating from plasmid pXL2563. Plasmid pXL2563 was constructed by insertion of the Alkaline lysis of overnight E. coli cultures was performed polypurine sequence (GAA) 17 between BamHI and EcoRI as described. 16 Briefly, cells were suspended in 25 mm cloning sites of the pBluescript II KS vector (pBKS; StrataTris-HCl pH 8, 50 mm glucose, 10 mm EDTA, and lysed gene Cloning System, La Jolla, CA, USA). The sequences with 0.2 m NaOH, 1% SDS. Then, 3 m potassium acetate of the oligonucleotides used for cloning were: 5′-GATCC was added and the lysate was centrifuged. Unless other-GAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAA wise described, plasmids used were purified using Wiz-GAAGAAGAAGAAGAAGAAGG-3′ and 5′-AATTCCTT ard Megaprep kit (Promega, Madison, WI, USA) accord-CTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTT ing to the supplier's recommendations. For some CTTCTTCTTCG-3′.
experiments, plasmid pXL2784 was purified from a clear This plasmid gives white transformants in medium lysate by ceramic hydroxyapatite chromatography (Bio supplemented with X-gal, contrary to the parent (pBKS) Rad, Ivry sur Seine, France), using a step-wise gradient plasmid which permits ␣-complementation of fragment of 10-250 mm phosphate buffer pH 6.8.
17
of E. coli ␤-galactosidase. Similarly, pXL2725 and
Coupling of the oligonucleotide helix dissociation at alkaline pH, the plasmid-oligonucleotide complex was formed during 4 h at room The oligonucleotide was covalently linked to 1 ml HiTrap NHS-activated columns (Pharmacia Biotech, Uppsala, temperature, then 1 m Tris-HCl pH 9, 0.5 mm EDTA was added to the reaction mixture in order to raise the pH Sweden) according to the manufacturer's instructions. Briefly, 5′-amino modified oligonucleotide (20-50 and triple-helix formation assay was performed as described above. nmol/ml of gel) was diluted in 0.2 m NaHCO 3 , 0.2 m NaCl, pH 8.3 and injected on to the column. After 30 min of incubation at room temperature, excess active groups HPLC analysis of plasmid DNA The column used was a reversed-phase Poros R2/H were deactivated with 0.5 m ethanolamine, 0.5 m NaCl, pH 8.3; the column was washed with 0.1 m sodium (100 × 4.6 mm; PerSeptive Biosystems, Cambridge, MA, USA). The flow rate was 3 ml/min and detection was by acetate, 0.5 m NaCl, pH 4, and stored at 4°C in PBS, 0.1% NaN 3 .
UV absorbance at 260 nm. Mobile phase A was 100 mm triethylamine acetate, pH 7.2, and mobile phase B was 90% acetonitrile and 10% 100 mm triethylamine acetate, Purification of plasmids by THAC The column was connected to a peristaltic pump (Gilson) pH 7.2. The gradient was 5% B to 10% B in 2 min, 10% B for 8 min, 10% B to 20% B in 20 min. and equilibrated with binding buffer (2 m NaCl, 0.2 m sodium acetate-acetic acid, pH 4.5 in standard conditions). The plasmid (100 g) was diluted in 400 l Endotoxins, proteins and E. coli chromosomal DNA analysis of binding buffer, applied to the column at a linear flow rate of 15 cm/h, then allowed to bind for 2 h at room Determination of endotoxin concentration was performed using LAL kit (Biosepra, Villeneuve la Garenne, temperature. For clear lysates, the solution was recirculated on the column. The column was washed with bindFrance). The protein concentration of the samples was measured using the Pierce Micro BCA assay (Interchim, ing buffer until no material appeared in the effluent, and the plasmid was eluted with elution buffer (1 m Tris-HCl, Asnières, France). E. coli chromosomal DNA was quantified after PCR pH 9, 0.5 mm EDTA). Washing and elution were performed at 50 cm/h. DNA was detected after electrophoresis amplification using primers in the E. coli galK gene. The sequences were: 5′-CCGAATTCTGGGGACCAAAGCAG on 1% agarose gel and staining with ethidium bromide, or by on-line monitoring of absorbance at 254 nm with a TTTC-3′ and 5′-CCAAGCTTCACTGTTCACGACGGG TGT-3′. 18 The reaction medium contained, in 25 l of PCR UV-1 monitor (Pharmacia). The yield of purification is expressed as the amount of plasmid DNA recovered in buffer (Promega), 1. In vitro transfection of mammalian cells The day before the experiment, NIH 3T3 cells were by applying the mixture on Quick Spin columns Linkers 6 (Boehringer Mannheim, Meylan, France). Columns seeded into 24-well culture plates on the basis of 50 000 cells per well. The plasmid pXL2784 encoding the luciferwere previously equilibrated with the appropriate buffer and centrifuged at 900 g for 4 min, in order to pack the ase gene was diluted in 150 mm NaCl and mixed with cationic lipid RPR115335. 19 The mixture was vortexed, resin. A 25 l sample of the incubation mixture was applied to the column and the separation of free oligonuleft for 10 min at room temperature, diluted in medium without fetal calf serum and then added to the cells (1 cleotides from plasmids and triplexes were achieved by centrifugation of the column at 900 g for 4 min at room g of DNA per culture well). After 2 h at 37°C, 10% v/v of fetal calf serum was added and the cells were incutemperature. After addition of 25 l of the appropriate buffer, the column was again centrifuged at 900 g for bated for 2 days at 37°C in the presence of 5% CO 2 . The cells were washed twice with PBS, and luciferase activity 4 min at room temperature, in order to recover the maximal amount of plasmid and triple-helix complexes.
was measured according to the protocol described (Promega kit; Promega) on a Lumat LB9501 luminometer A 5 l aliquot of the reaction mixture and the whole volume eluted from the column were counted by liquid (EG & G, Berthold, Evry, France). The protein concentration of the samples was measured using the Pierce scintillation. The extent of triple-helix formation is expressed as the proportion of eluted (plasmid-bound) BCA assay (Interchim). Results are expressed in RLU/g of proteins, ± standard error (n = number of wells). labelled oligonucleotide in comparison to the labelled oligonucleotide present in the initial mixture.
For assays monitoring triplex association rates, binding 
